In this study, a thin coaxial antenna for microwave ablation (MWA) is proposed. A helical slot is added between two slots in order to overcome the disadvantage of the radiation range extending to the unwanted part in the conventional single-slot and doubleslot applicators. By adding a helical slot, the specific absorption rate (SAR) pattern is more concentrated near the slot as compared with the conventional slot. Experiments were conducted using the simulation, and a liver phantom was made and heated up using microwaves. Based on the results on the liver phantom, experiments were conducted using swine liver which is similar to human liver. Applied frequency and microwave average input power were assumed as 2.45 GHz and 50 W (47 dBm), respectively. As a result of the experiment, return loss was − 23.09 dB, and the temperature reached 60°C after 90 seconds of exposition. Based on the phantom experiments of the swine liver, necrotic lesions of the tissue at a distance of 3.5-4 cm from the microwave antenna were observed.
Introduction
Most people have cancer cells in their bodies. ese tumor cells grow on their own through ingestion of nutrients from the outside of the body (naturally without any specific major cause) or by other factors (drinking alcohol, smoking, etc.). Cancerous cells can go anywhere through the blood, and when the moved cancer cells are malignant, they can cause damage to other tissues around them [1, 2] .
Methods of treating cancer cells include surgical removal through open surgery and treatment using drugs. Other treatments using electromagnetic waves such as radio frequency ablation (RFA) and microwave ablation (MWA) are well known. RFA and MWA procedures have been actively developed in recent years [3] . Generally, these methods utilized needle-shaped antennas to radiate electromagnetic waves to vibrate water molecules in the cell and heat a tumor tissue to 45°C or higher to induce the death of malignant cells. e temperature of 45°C or higher is needed for hyperthermia treatment that uses the temperatures between 41 and 45°C, which does not completely kill the tumor cells through changing the resistance of the cell and inhibiting their activity. However, when temperatures that are higher than 45°C are delivered to cells, protein structure and DNA are completely destroyed.
is is the reason why MWA procedure referred to as thermal ablation is commonly used in medical practice [4] [5] [6] . e antenna used in the MWA method employs an air slot inside the coaxial cable to allow microwave (MW) radiation and tissue heating. Various methods including changing the number of slots, adding chokes, combining with monopole antennas, and many others are being studied within needle microwave applicators. If the number of slots is reduced, the radiation range widens and power transmitted the tissue is relatively reduced. As a result, the healthy cells outside the tumor could be damaged. In addition, the liver tissue phantom was not frequently used in the MWA experiment, and the results regarding the microwave radiation time were not clear. e operating range can be controlled by the input power delivered to the antenna. Additionally, when the double-slot antenna is applied, the MW radiation range is concentrated compared with the single-slot applicator, but when the input power increased, the range to be transmitted becomes higher again [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . erefore, in this study, the needle-type coaxial antenna with a helical slot was proposed to prevent distribution of the MW radiation range for several existing methods using single-slot and double-slot antennas and to reduce EM wave exposure. e application of the helical slot has the advantage of concentrating the range near the slot even when the input power is increased. e applied antenna operating frequency of 2.45 GHz is from the Industrial Scientific Medical (ISM) band and the input power is 50 W, as well as the liver tissue is calibrated to the human tissue in terms of electrical and thermal properties. For simulation, ANSYS HFSS commercial simulation software and COMSOLTM MULTIPHYSICS were used. e HFSS and MULTI-PHYSICS are commercial software based on the finite element method (FEM). e simulation uses a liver phantom similar in electrical characteristics to human liver tissue. What is more, the experiment was conducted using a swine liver which is similar to a human liver.
Methods and Model

Physical Principles.
e physical principle of MWA is that the application of an electromagnetic field (EMF) on biological tissue produces an effect called dielectric relaxation. is phenomenon in which polar molecules, like water, try to continuously rearrange in the external EMF, which has polarity changing several billions of times per second. Since the molecules cannot keep up with the change in the EMF, excessive energy is applied to the tissue as heat. However, the amount of heat is not the determinant value for assessing the amount of power being absorbed by the tissue. erefore, one of the methods of analyzing the thermal effect of the MWA antenna is to measure the specific absorption rate (SAR). e SAR parameter represents the amount of EM power dissipated in a unit mass of tissue (W/ kg) in any position vector location and its mathematical expression is as follows:
where σ represents the tissue conductivity (S/m), ρ is the tissue density (kg/m 3 ), and |E| is the magnitude of the electrical field strength (V/m). In general, it is desirable to prevent the formation of a backward heating pattern in which the SAR is greater for the region focused at the distal tip of the antenna and the temperature of the rest of the antenna rises. erefore, the electrical efficiency of interstitial antennas depends on their geometry and insertion depth [18] .
e Pennes bio-heat equation effectively describes how heat transfer occurs in biological tissue [19] :
where k is the thermal conductivity of the tissue (W/m * k), ρ b is the blood density (kg/m 3 ), C b is the blood specific heat (J/kg * k), and ω b is the blood perfusion rate (1/s). T b is the body temperature (°C), T is the final temperature (°C), Q met is the heat source from metabolism (W/m 3 ), and Q ext represents an external heat source (W/m 3 ). Another important element of MWA is the effective wavelength of the antenna. It determines the magnitude of the wavelength that propagates through the tissue. e geometry of the antenna is determined through the effective wavelength defined as
where ε r′ represents the real part of complex relative permittivity of the tissue, c is the speed of light in free space (m/ s), and f is the frequency (Hz) of the source signal [20] [21] [22] .
Liver
Phantom. e liver phantom was used before the experiment with swine liver. e electrical characteristics of the liver phantom are similar to those of the human liver. e phantom mainly consists of distilled water, sucrose, sodium chloride, hydroxyethyl cellulose (HEC) 440 (kind of glycerin), and Dowicil (kind of antiseptic). e dielectric characteristics of the real human liver are as follows [20] : an electrical conductivity of 1.6864 S/m, a relative permittivity of 43.035, and a loss tangent of 0.27851. e liver phantom was produced based on these measured parameters of the liver. To demonstrate the similarity of real hepatic tissue, the liver phantom's electric characteristics were measured using the Agilent's dielectric characteristic measuring device (85070E). e liver phantom is made of distilled water 48.8%, sucrose 47.56%, sodium chloride 1.21%, and Tween 20 (kind of surface active agent) 2.43%. e liver phantom's electrical conductivity was assumed as 1.7434 S/m, relative permittivity was assumed as 43.8213, and loss tangent was assumed as 0.2919 [23, 24] .
Another important consideration was the thermal characteristics of the human liver defined by the following parameters: density 1079 kg/m 3 , thermal conductivity 0.52 W/m * °C, specific heat 3540 J/kg * °C, and metabolic heat source 33,800 W/m 3 . e simulation of the liver tissue phantom was produced based on these thermal parameters (Table 1) . Figure 1 (a) shows a schematic view of internal construction of the coaxial antenna with a helical slot. e coaxial antenna consists of a central conductor r 1 � 0.25 mm, dielectric r 2 � 0.82 mm, outer conductor r 3 � 1.09 mm, and catheter r 4 � 1.5 mm. e central conductor and the outer conductor are made of copper, dielectric, and catheter's material is polytetrafluoroethylene (PTFE). Figure 1(b) shows the slot part of analyzed coaxial (Table 2 ). e proposed model includes the following assumptions, namely, the hepatic tissue is considered as linear, homogenous, and isotropic medium, and the wave equation under time harmonic conditions is expressed as [24] 
Helical Slot Antenna.
In the aforementioned equation, H stands for a complexvalued vector of magnetic field intensity (A/m). ω � 2πf is the angular frequency of EM field source (rad/s), and μ is a permeability of tissue (H/m). What is more, the frequencydependent complex permittivity with its real and imaginary parts is presented as
whereε 0 � 8.85 × 10 − 12 F/m is the electric constant and σ is an electrical conductivity of liver tissue. Due to axis symmetry, the transverse magnetic (TM) waves are utilized with magnetic and electric field components as follows: H � H ϕ e ϕ and E � E r e r + E z e z . e magnetic field H has a tangential component. e electric field E propagates in the r-z plane.
What is more, the magnetic field at the feeding port is established by the total input power P in (W) of the microwave antenna using the so-called port boundary condition at the antenna feeding [25] :
where r 1 and r 2 represent the inner and outer radii of the dielectric coaxial cable, respectively, and Z � 120π/ �� ε r′ √ (Ω) is the dielectric wave impedance. In the next step, the electric field intensity E (V/m) is calculated from Faraday's law. Figure 3 shows the result of the return loss of simulation and measurement using a network analyzer of the coaxial antenna at 2.45 GHz inside the liver phantom. Return loss obtained was − 23.0878 dB in simulation and − 21.0472 dB in the actual phantom. e results of simulation and measurement of actual phantom were satisfied at 2.45 GHz. e different resonance frequencies between the simulation and the measurement come from the different dielectric constants between them, and also the measurement environment is not same as the simulations. e return loss result can be controlled by inserted depth of the coaxial antenna. erefore, in real human liver experiment, researchers can modulate the length of the antenna depending on the location of the cancer. If the tumor is deeply located, the insertion depth can be adjusted to the total length of the antenna except for the antenna slot part. Figure 4 shows the radiation pattern of the coaxial antenna with helical slots. In the case of the inner and outer conductors being grounded, the slot is taken out in the horizontal and diagonal directions to induce the radiation so that the radiation is formed in a slight 8-shaped pattern. International Journal of Antennas and Propagation e SAR distribution in Figure 5 shows a similar pattern. It was obtained with the ANSYS HFSS tool. e overall shape has an elliptical radiation pattern around the slot, and the instantaneous range that directly affects the liver tissue is about 2 to 3 cm. Figure 6 shows the temperature changes in the liver phantom over time with the application of the 50 W microwave input power based on the radiation pattern using a thermal imaging camera. e thermal imaging camera measurement is focused on the helical slot part. Microwave was radiated based on the fact that the protein structure and DNA of liver tissue can be perfectly destroyed when the heat temperature applied goes above 45°C and up to 60°C. As a result, the liver tissue's temperature reached around 60°C in about 90 to 120 seconds, while the microwave operating starts at a normal human body temperature of 37°C. e treatment time is dependent on the size of the tissue. However, the immediate vicinity of the helical slot antenna is heated the most effectively. Figure 7 shows the temperature changes over time of the liver phantom for antenna without the helical slot part. It turned out that it takes much longer to reach the same temperature level around 60°C. As a result, the antenna with the helical slot is more efficient. Figure 8 shows comparison of temperature over time for both antenna types. e time necessary to reach 60 degrees of Celsius for the antenna with the helical slot is approximately 90 seconds, and the time to reach the same temperature level for the antenna without the helical slot is about Figure 9 shows the temperature changes over time of the real swine liver using the same thermal imaging camera as used in Figures 6 and 7 . e result of tissue heating presented in Figure 9 is shown in Figure 10 (a). In Figure 6 , it took 90 seconds to reach 60°C when the antenna with the helical slot was measured on the tissue phantom. On the basis of this measurement, the temperature changes were measured in the real swine liver up to 90 seconds every 30 seconds. e temperature changes are similar with the experiment on the liver phantom as presented in Figure 6 . International Journal of Antennas and Propagation Figure 10 shows the real experiment on the 4 different swine livers. e swine liver is biologically similar to the human liver and is widely used as a test object in animal studies at the stage immediately before the clinical trial of medical studies [26, 27] . e coaxial antenna inserted in the liver tissue caused the microwave heating. e change of tissue temperature was confirmed through the real-time thermal imaging camera. e size of the swine liver was based on the phantom experiment. e minimum size of phantom was 50 mm × 30 mm × 50 mm, and the insertion International Journal of Antennas and Propagation 7 depth of the coaxial antenna was 24 mm. As demonstrated in Figure 10 , the microwave heating resulted in the coagulation of liver tissue in the distance 3.5-4 cm from the used antenna. e shape of the coagulated tissue is similar with the radiation pattern and the SAR pattern like a sphere.
Measurement and Obtained Results
Conclusion
In this study, a helical slot antenna for tumor microwave heating was proposed. To overcome the disadvantages of single-slot and double-slot needle applicators and to control the radiation range, a helical slot was added between two horizontal slots. e ANSYS HFSS commercial software was used for simulation. Importantly, the authors made a liver phantom that had dielectric parameters similar to those of the human liver. Afterwards, through the simulation using the phantom experiment, the proper time data for the real ex vivo experiment were achieved. As a result, part of liver tissue was coagulated in a distance of 3.5-4 cm from used antenna.
It is worth noted that more studies are needed to verify the radiation and temperature distribution based on the number of antennas at close distances and clinical trials through real human liver instead of swine liver.
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